Introduction {#sec1-1}
============

Komatsu et al. and Tamai et al. reported the first successful digital replantation in 1965 (Masuhara et al., 1967; Komatsu and Tamai, 1968). Over the past 50 years, the limits of digital replantation have been extended by improved instrumentation and establishment of more methodical approaches to teaching microsurgical techniques (Dadaci et al., 2016; Idrissi et al., 2016; Wen et al., 2017). Recent studies have shown high survival rates and excellent functional and aesthetic results. Thus, when managing distal digit injury, most doctors prefer replantation to direct closure or flap transfer (Jazayeri et al., 2013). The survival rate is reportedly 93.3% (Lima et al., 2015; Brown et al., 2017). The replantation procedure represents the pinnacle in the field of hand surgery because the decision to replant a severed part is influenced by many factors, including the importance of the part, the severity of the injury, the expected recovery of function, and the mechanism of injury (Yu et al., 2015). Of these factors, the severity of injury is the most important in determining survival of the replanted digit (Ma et al., 2016). The anatomical structures involved in amputated finger are important in determining the digital replantation strategy. Different sections of human fingers have different anatomical structures and characteristics. To aid in the analysis and study of digital replantation, each digit is divided into six zones on the basis of anatomical details and clinical considerations. Zones I, III, and V involve the bony segments, whereas Zones II, IV, and VI involve the joints of the hand (**[Figure 1](#F1){ref-type="fig"}**) (Ding and Wang, 2007; Zhu, 2008). Zone I is defined as the fingertip region beyond the proximal 1/5 of the distal phalanx including Zone Ia, which involves the region beyond 1/2 of the distal phalanx, and Zone Ib, which includes the region from the proximal 1/5 to 1/2 of the distal phalanx. Zone Ib harbors the volar digital arteries on the side of the phalanx and the matrix of the fingernail on its back.

![Surgical zones of the fingertip.\
On the basis of anatomical features and clinical considerations, each digit is divided into six zones to aid in the analysis and study of digital replantation. Zones I, III, and V include the bony segments, whereas Zones II, IV, and VI include the joints of the hand (Zhu, 2008).](NRR-12-1911-g002){#F1}

Surgical technique and indications for finger replantation have been discussed (De Frenne and Dhooghe, 1983; Barbary et al., 2013; Engdahl and Morrison, 2015); however, few researchers have focused on cosmetic outcomes and sensory function after replantation of fingers. In this study, the surgical zones of the fingertip (Zone Ia and Zone Ib) were discussed. The aim of this study was to evaluate cosmetic outcomes and sensory function after fingertip replantations at or distal to the nail base and to evaluate the clinical outcomes.

Subjects and Methods {#sec1-2}
====================

Patients {#sec2-1}
--------

From July 2014 to August 2015, eight patients (average age, 6.8 years; range, 2--18 years) were included in this study. Patients were included if they met the following criteria: (1) age \< 18 years; (2) complete amputation of fingertip; (3) duration of injury \< 8 hours; and (4) provision of informed consent by the patient\'s legal guardians. Exclusion criteria were: (1) age \> 18 years; (2) incomplete amputations of fingertips; (3) duration of injury \> 8 hours; and (4) inability to comply with treatment, postoperative rehabilitation and follow-up. The eight patients underwent a total of nine Zone I replantations of the fingertip (five boys with six replantations and three girls with one replantation each). Eight amputations were caused by crushing or crushing--avulsion and one by cutting. All injuries were complete amputations involving two thumbs, four index fingers, one middle finger, and two ring fingers. The replantation surgeries were all carried out within 8 hours of injury. The average duration of follow-up period was 9.3 ± 3.5 months (range, 6--15 months).

This study was approved by the Institutional Review Board of the First Affiliated Hospital of Sun Yat-sen University of China (Approval No. \[2009\]99). Written informed consent was provided by the patients or their legal guardians prior to their participation in the study.

Surgical procedure {#sec2-2}
------------------

Careful debridement of the amputated digit was performed under general anesthesia and with microscopic guidance (magnification of 25× to 30×). The neurovascular bundle was dissected to locate an available vessel in the proximal stump and one artery in the distal stump was identified and tagged for later anastomosis. The bone ends were shortened slightly, or left intact in cases of clean-cut amputations, and the bony fragments fixed with a 5-mL syringe needle (Shanghai Kindly Enterprise Development Group, Shanghai, China) or Kirschner Wire (Yutong Medical Instrument Company, Tianjin, China). Stabilization was achieved by directly suturing the skin where the amputated fingers had very small bone fragments. The selected artery was anastomosed using a 12-0 nylon suture. The vein was also anastomosed with a 12-0 nylon suture (Crownjun KONO, Tokyo, Japan) if a vein had been identified. Otherwise, a fish-mouth incision, either at the pulp tip or opposite to the artery repair side of the pulp, was made to enable controlled bleeding to relive venous congestion.

If possible, neurorrhaphy was performed using one to two sutures. The skin was closed using 5-0 nylon. Heparin (Wanbang Biochemical Pharmaceutical, Jiangsu, China) was continually administered intravenously (6250 IU every 24 hours) for \~3--5 days. After skin closure and wound dressing, a dorsal long-arm splint was used to immobilize the affected extremity.

Cosmetic evaluation {#sec2-3}
-------------------

Finger atrophy was evaluated on the basis of the fullness of the injured finger pulp by comparing the appearance of the pulp with that of the contralateral uninjured finger. Finger atrophy was defined as less pulp in the replanted fingertip than the healthy side according to naked eye observation. JHL and YJH were responsible for follow-up of patients.

Evaluation of sensory function {#sec2-4}
------------------------------

Evaluation of sensory functional included static two-point discrimination (s2PD) tests, which were performed using a Touch-TestTM Two-Point Discriminator (Alimed, Dedham, MA, USA), and Semmes-Weinstein (SW) monofilament examination by a Touch-Test™ Sensory Evaluator (Alimed) (with specifications such as 6.65, 4.56, 4.31, 3.61, and 2.83) (He et al., 2015; Murphy et al., 2017). The evaluation criteria for SW and s2PD used to interpret sensory recovery are shown in **Tables [1](#T1){ref-type="table"}** and **[2](#T2){ref-type="table"}**, respectively. s2PD was defined as: excellent, ≤ 6 mm; good, 7--15 mm; and poor, ≥ 16 mm (Weber et al., 2000; Meek, 2001; He et al., 2015; Murphy et al., 2017).

###### 

Interpretation of monofilament testing of pressure threshold (Weinstein, 1993)

![](NRR-12-1911-g003)

###### 

Classification of sensory recovery assessed by static 2-point discrimination (s2PD) test (Glickman and Mackinnon, 1990)
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Statistical analysis {#sec2-5}
--------------------

Measurement data are presented as mean values. Statistical analysis was performed using SPSS 13.0 software (SPSS, Chicago, IL, USA). Comparisons were performed using the chi-square test. A value of *P* \< 0.05 was considered to denote statistical significance.

Results {#sec1-3}
=======

Survival rate and functional evaluation {#sec2-6}
---------------------------------------

Because the amputated fingertips had been subjected to different severities of trauma, some veins or nerves were either too short or lost to allow repair. Therefore, four of nine fingertips were repaired with vein anastomosis; nerve repair was also performed in three of these. All nine fingertip replantations in the eight patients were successful. All patients reported satisfactory return of sensation based on monofilament examination. In addition, patients 1, 2, and 5 achieved excellent outcomes based on s2PD tests on each finger. The remaining patients were too young to undergo the s2PD sensation test and thus did not undergo this assessment. The results of s2PD and SW monofilament testing are shown in **[Table 3](#T3){ref-type="table"}**.

###### 

Sensory recovery by s2PD and SW monofilament testing at the last follow-up
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Evaluation of cosmetic outcomes {#sec2-7}
-------------------------------

Compared with fingertips without post-injury vein anastomoses (*n* = 5), replantations reconstructed with such anastomoses (*n* = 4) showed no obvious atrophy. The difference between these two groups was significant according to the chi-square test (*P* \< 0.05). Two of the four fingertips without vein repair had obvious atrophy. Venous drainage was constructed in three of them to improve blood circulation. However, the fourth had no suitable vein for repair because of the severity of the injury, which was a deep longitudinal cleft in the amputated fingertip. In this case, blood supply we re-established on the radial side. Three months after surgery, the blood circulation of the whole fingertip was adequate. However, the ulnar side of the tip had an insufficient blood supply, resulting in inevitable atrophy of this part. However, the chi-square test showed no significant differences in SW scores between fingertips with (*n* = 3) or without (*n* = 6) nerve repair (*P* \> 0.05). Thus, whether or not nerves were repaired, there was satisfactory recovery of sensation according to SW monofilament examination in all replanted fingertips.

Representative cases

Case 1: A 2-year-old boy (No. 7 in **[Table 3](#T3){ref-type="table"}**) presented with a twisting injury to the right hand caused by a wheeled machine, resulting in complete amputation at Zone Ib of the index finger. There was rupture of the extensor tendons of the middle finger and a laceration on the dorsal surface of the ring finger and the wound was severely contaminated with machine oil. After thorough debridement, the amputated fingertip was reduced to Zone Ia. An artery distal to the arterial arch of the distal phalanx and one vein were anastomosed to the index finger using 12-0 non-absorbable sutures. A plastic strip (**Figure [2E](#F2){ref-type="fig"}**, **[F](#F2){ref-type="fig"}**) was placed on the anastomosed site. In addition, the extensor tendon rupture of the middle finger was repaired, and the ring finger debrided and stitches inserted (**[Figure 2](#F2){ref-type="fig"}**). Six months after the procedure, the repaired finger looked good, its pulp lacking any obvious atrophy. The s2PD test showed 5-mm when the SW test result was 2.83.

![A 2-year-old boy presented with a twisting injury of the right hand caused by a wheeled machine, resulting in complete amputation at Zone Ib of the index finger.\
(A) Pre-replantation, ventral view; (B) pre-replantation, dorsal view; (C) ventral view of amputated index; (D) dorsal view of amputated index; (E) post-replantation, ventral view; (F) post-replantation, dorsal view; (G) ventral view six months post-replantation; (H) dorsal view six months post-replantation.](NRR-12-1911-g006){#F2}

Case 2: A 14-year-old boy (No. 8 in **[Table 3](#T3){ref-type="table"}**) presented with an injured left hand caused by a cutting machine, the fingertips of the index and ring fingers having been completely amputated. The wound was contaminated with dark cotton-like fabric and a small amount of an oily substance. After thorough debridement, a single artery distal to the arterial arch of index finger was anastomosed, and one artery distal to the arterial arch and one vein were anastomosed in the ring finger using 12-0 non-absorbable sutures (**[Figure 3](#F3){ref-type="fig"}**). Six months postoperatively, the pulp of the index finger had atrophied whereas the pulp of the ring finger looked good. s2PD tests of the second and fourth fingers were 8 mm and 7 mm, respectively and SW test results were 3.61 and 2.83, respectively.

![A 14-year-old boy presented with an injured left hand caused by a cutting machine, resulting in amputation of the index and ring fingertips at Zone Ia.\
(A) Dorsal view of amputated index fingertip; (B) X-ray film of left hand; (C) dorsal view of left hand 5 months post-operation; (D) ventral view of left hand 5 months post-operation.](NRR-12-1911-g007){#F3}

Discussion {#sec1-4}
==========

Reconstruction of the fingertip distal to the flexor tendon insertion by replantation remains controversial and technically challenging although the anatomy of the fingertip has been well-described for surgical planning purposes (Dadaci et al., 2015; Butler et al., 2016; Regmi et al., 2016).

The digital arteries anastomose as palmar arches three times and at least three vessels then radiate longitudinally out from the rounded distal transverse palmar arch to supply the pulp, the central vessel usually having the largest caliber (Scheker and Becker, 2011; Wang et al., 2014). Scholars have classified fingertip injuries into two zones (Yamano, 1985; Kim et al., 2013): (1) the terminal branches from the arcade being classified as Zone I vessels; and (2) Zone II starting proximal to Zone I and continuing to the distal interphalangeal joint. In contrast, Ishikawa et al. (1990) have divided the distal phalanx into four zones.

Although the above classifications have previously been widely used, they have some limitations. The classification by Yamano (1985) and Kim et al. (2013) focuses primarily on arterial damage in a specific plane without considering the level of damage to other severed structures such as the bones and joints. When digital amputations involve a joint structure, there is often poor functional recovery of the severed joint. We consider that Ishikawa et al.\'s classification (1990) is overly detailed. Therefore, we here propose a classification based on the amputation level that takes whether the injury involved the finger joints into consideration. On the basis of the anatomical features of the severed fingers, we divide the digits into six zones, Zones I, III, and V including the phalanges and Zones II, IV, and VI including the digital joints. Because Zone I harbors the distal arterial arch, we have further classified it into Zone Ib, which includes the distal arterial arch and the fingernail matrix, and Zone Ia, which begins at a point beyond the distal arterial arch. The surgical strategies and requirements for vascular anastomosis different between Zones Ia and Ib because the arterial arches in Zone Ib are of significantly greater diameter than those of the radiating branches in Zone Ia.

As the digital arteries divide at the level of the distal transverse palmar arch, they inevitably decrease in size from approximately 0.8 mm to as small as 0.3 mm in the radiating branches (Ishikawa et al., 1990; Barbary et al., 2013; Epameinondas et al., 2016). For the same reason, within Zone VI the common palmar digital artery splits into two proper palmar digital arteries at the metacarpophalangeal junction. This is subclassified as Zones VIa and VIb on the basis of the vascular anatomy, which for Zone VIa includes the common palmar digital artery at the metacarpophalangeal junction, and for Zone VIb the dorsal branch of the proximal phalanges.

As previously mentioned, Yamano\'s classification of finger amputation (1985) does not consider the impact of damage involving the interphalangeal joints, whereas Ishikawa et al.\'s classifications (1990) and the similar one of Park et al. (2013) contain excessive detail of little clinical relevance. Our schema provides a digital amputation classification based on the level and extent of digital injury and can facilitate consideration of the options for phase II digital replantation.

Elsewhere, we have presented our approach to restoring a cosmetically pleasing appearance of the reconstructed thumbs or fingers while preserving the function and cosmetic appearance of the donor foot, including detailed discussion of the reconstructive procedures for each degree of digit defect and pitfalls and technical tips (Wang and Sun, 2014; Sun et al., 2015; Balan, 2016).

The most important factor in determining the stratagem for digital replantation surgery is reconstruction and recovery of normal blood circulation in the replanted fingertip (Fakin et al., 2015; Kim and Lee, 2015; Saha et al., 2015; Efanov et al., 2016). Unfortunately, the relevant venous anatomy is variable. At the level of the eponychium, 63% of fingers have a vein measuring at least 0.8 mm; however, the location of these veins is unpredictable (Scheker and Becker, 2011).

Various methods have been described for maintaining blood flow until internal circulation is achieved when an adequate venous anastomosis cannot be constructed (Chen et al., 2013; Kim et al., 2014; Streit et al., 2014; Huan et al., 2016). Anastomosis of a single artery in a digit will not provide adequate resumption of the fingertips. However, the procedure may still be successful if the problem of venous return is solved. When venous anastomoses cannot be constructed, close postoperative monitoring of the replanted digit for adequate circulation is essential (Sunil, 2006; Beris et al., 2010; Nazerani et al., 2011; Cigna et al., 2015). Our team adopts an adjunct treatment involving venous drainage from the nail bed or by fingertip incision (Hirase, 1997; Yabe et al., 2001; Jeon et al., 2016). In addition, we routinely introduce a plastic strip at the anastomosed sites that has the functions of (1) readily allowing venous drainage and thus reducing the risk of excessive pressure at the anastomosed site as a result of edema; and (2) because the wound is typically covered with a blood clot 2--3 days post-digital replantation, a small fraction of the strip can be withdrawn each day to induce bleeding and achieve a similar effect as venous drainage. We did not perform manual venous drainage by fingertip incision in Patient 1; rather, successful replantation was achieved by using a plastic strip to induce bleeding. In Patient 2, the plastic strip was partially withdrawn on day 3 and completely removed on day 4. By day 5, the reattached digit remained bruised and was subsequently treated by the fingertip incision bleeding method. In this group, replantations reconstructed with a vein supply showed no obvious atrophy compared with fingertips without anastomosing veins. Our experience of treating a considerable number of cases indicates that there is characteristically a lesser degree and shorter duration of obstruction of venous return following replantation in younger than in older children (Boyraz and Sayger, 2011); the rate of successful replantation of the fingertips is therefore higher in younger than in older children. Unlike adults, children have immense potential for adaptability (Frykman, 1976) and re-innervation is consequently often close to normal, especially in the younger ones (Barbary et al., 2013). Distal amputations often achieve very good results with replantation, including recovery of sensation (Kotkansalo, 2012; Ciclamini et al., 2013; Ozcanli et al., 2013; Peraut et al., 2015).

Barbary et al. (2013) showed that nerve suturing is not necessary in amputations in Zones I to III, because there is adjacent and spontaneous neurotization. Shi et al. (2010) reported excellent restoration of finger motion and appearance after an average of 26 months (range, 6 to 36 months) of follow-up, with the parents and children expressing satisfaction with the final results. When performing monofilament testing of pressure thresholds, we define 2.83, 4.31, and 3.61 as satisfactory and 4.56 and 6.65 as unsatisfactory results. In our group, the regained s2PDs ranged from 5.0 to 8.0 mm (mean, 6.4 ± 1.14 mm). In this study, differences in SW scores between fingertips with or without nerve repair were not significant, which is in accordance with Barbary et al.\'s conclusions (2013). Additionally, we found that replanted digits atrophy if veins have not been anastomosed.

Sensory re-education is very important after replantation of fingers (Dellon, 1986; Piza-Katzer and Estermann, 2007; Cong et al., 2010). In the present study, although not all patients received sensory re-education and the average follow-up was 9.7 months, according to monofilament examination recovery of sensation was satisfactory in all the patients. Patients 2 and 5 achieved excellent results according to the s2PD test. The s2PD test was not performed on the other patients because they were too young.

We believe that our results would have been better if we had provided sensory re-education and prolonged our duration of follow-up. Good outcomes regarding fingertip sensation and restoration of length and cosmetic appearance have been reported by many researchers (Buntic and Brooks, 2010; Kantarci et al., 2010; Barbary et al., 2013).

In conclusion, fingertip replantation in children provides good sensory function and cosmetic outcomes and the procedure should be attempted, if technically feasible.
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